CHANGES in the extra mitochondrial milieu such as fuel type (14, 55) , energy balance (19) , and redox potential (3, 55) , as well as balance between the expression level of pro-fusion and profission proteins (13, 17, 21, 24, 44, 48) were shown to determine mitochondrial morphology. In contrast to these global regulators that affect the entire mitochondrial network, little is known about the parameters that determine the likelihood of a fusion event at the level of the individual mitochondrion. Indeed, most measurements of mitochondrial fusion determined the average cellular spread of matrix-targeted photoactivatable green fluorescent protein (GFP) (mtPA-GFP) within the mitochondrial web and only rarely characterize spatial-, temporal and energetic properties of single fusion events. So far, the only information gathered in studies of single fusion events is that juxtaposed mitochondria are not necessarily fused (50) , that most intermitochondrial encounters do not result in fusion (2) , and that the mitochondrion must show a certain value of mitochondrial membrane potential (51) for fusion to occur, findings that are indicative for selectivity of the fusion machinery.
Since fusion events do not occur synchronously in all mitochondria within the cell, we hypothesize that either local or intrinsic factors influence the likelihood of a fusion event. As fusion has been shown to be a selective event that exclude some mitochondria, allowing their elimination by autophagy, such factors may constitute relevant selection criteria and may be important in mitochondrial quality control (10, 52) . These factors may include organelle size, orientation between engaging mitochondria, duration of contact between individual organelles, motility, and previous fusion history.
The goal of this study is to characterize the spatial, temporal, and energetic properties that influence the probability of fusion at the level of the individual mitochondrion. For this purpose, mtPA-GFP was used to allow tagging and tracking of individual mitochondria in H9c2, INS1, and primary ␤-cells. It was found that the matching of fusing mitochondria is largely independent of length, spatial orientation, and the hyperpolarizing range of mitochondrial membrane potential. In addition, the probability for a fusion event is independent of contact duration, but, importantly, it is influenced by organelle motility and preceding fusion history of the organelle. In all, the identification of parameters that determine the probability of fusion events provides insights into mechanisms for controlling fusion selectivity.
MATERIALS AND METHODS
Islet isolation, primary ␤-cells, and cell lines culture. Twelveweek-old male C57BL6 mice fed a normal diet were maintained under controlled conditions (a constant temperature of 19 -22°C and a 14:10-h light-dark cycle) until death by CO2 asphyxiation. Islets of Langerhans were isolated as previously described (52) , and the islet cells were dispersed by treatment with Ca 2ϩ /Mg 2ϩ -free PBS supplemented with 0.05 mg/ml trypsin (GIBCO, Grand Island, NY) with occasional agitation. Dispersed cells were plated on poly-D-lysinecoated glass slide-bottom dishes (MatTek, Ashland, MA) in RPMI-1640 culture media (GIBCO) supplemented with 10 mmol/l glucose, 10% FCS (HyClone, South Logan, UT), 100 IU/ml penicillin (GIBCO), and 100 g/ml streptomycin (GIBCO). Experiments were performed on individual cells not in contact with other cells after culture for 2-3 days at 37°C in a humidified atmosphere containing 5% CO 2. All procedures were performed in accordance with the Boston University Institutional Guidelines for Animal Care (IACUC no. 1104) in compliance with United States Public Health Service Regulation. INS1 832/13 cells were cultured in RPMI media supplemented with 10% FBS, 10 mM HEPES buffer, 1 mM pyruvate, 50 M 2-␤-mercaptoethanol, 50 U/ml penicillin, 50 g/ml streptomycin, and 11 mM glucose. H9c2 cells (obtained from ATCC) were cultured in Dulbecco's modified essential medium (DMEM no. supplemented with 10% fetal bovine serum, 2 mm glutamine, 100 U/ml penicillin, 100 g/ml streptomycin, and 1 mm pyruvate in humidified air (CO 2 5%) at 37°C as described previously (46) . Thirty minutes before experiment and during measurement, the cells were kept at 10 mM glucose.
Chemical, DNA plasmids, and constructs. mtPA-GFP was generated as described previously (50) . Delivery to INS1 and primary ␤-cells was preformed by lentiviral and adenoviral infection, respectively, as described in detail previously (34, 49, 52) . Tetramethylrhodamine-ethyl-ester-perchlorate (TMRE; Molecular Probes, Eugene, OR) was used at concentrations of 7 nM with a preimaging incubation period of 1.5 h. TMRE was kept in the medium throughout the experiments. H9c2 cells were transfected with mtPA-GFP and mtDsRed (Clontech) in suspension by electroporation. Adherent cells from confluent flasks were detached, centrifuged, and resuspended in medium to 2-3 ϫ 10 6 cells per 250-l volume for each transfection and combined with 10 g DNA of mtPAGFP and 4 g DNA of mtDsRed. For imaging experiments, cells were plated to poly-D-lysine-coated glass coverslips.
Confocal and 2P microscopy. Experiments were performed on live INS1 and primary ␤ cells using a Zeiss LSM 510 Meta microscope (Carl Zeiss, Oberkochen, Germany) with a ϫ100 oil immersion objective. TMRE was excited with a 543-nm helium-neon laser and emission recorded through a bandpass 650-to 710-nm filter. GFP was excited by using a 488-nm argon laser, and emission was recorded through a bandpass 500-to 550-nm filter. During the experiments, cells were kept at 37°C in a humidified atmosphere containing 5% CO 2. A transition of mtPA-GFP to its active (fluorescent) form was achieved by photoisomerization by using a 2-photon laser (750 nm) to give a 375-nm photon equivalence at the focal plane. This allowed for selective activation of regions Ͻ0.5 m 2 . For H9c2 cells, all measurements were performed by using a Bio-Rad Radiance 2001 system fitted to an Olympus IX70 microscope with a ϫ40 oil immersion objective (UApo340, numerical aperature 1.35) and recording 512 ϫ 512 pixel image pairs in every 0.25 s Ϫ1 . The HeCd laser (442 nm) was used for photoactivation of mtPA-GFP. The dual-line Kr/Ar ion laser source was used for imaging of GFP at 488 nm excitation and mtDsRed at 568 nm. Imaging measurements were performed in an extracellular medium containing 0.25% BSA at 35°C (54) . PA-GFP was photoactivated by using the region of interest scanning option in the LaserSharp2000 software. Three 25-m 2 areas were chosen per cell and illuminated with maximum power at 442 nm excitation, respectively, for eight consecutive images to achieve irreversible photoactivation.
Tracking single mitochondria. Tracking of single mitochondria in all cell types was conducted as described by us previously. In all experiments, excluding experiments measuring mitochondrial membrane potential (⌬m), sampling of the tracked mitochondrion was performed in a single plane every 4 -10 s and lasted 7-20 min. Measurement of ⌬ m in individual mitochondria during fusion events was performed in INS1 and dispersed ␤-cells expressing mtPA-GFP and costained with TMRE (7 nM). In these experiments a z-stack series (5-10 sections) was applied on the vicinity of the tracked mitochondrion. TMRE fluorescence of the donor mitochondrion and acceptor mitochondrion in the z-stack series were separately measured. ⌬ m was derived using the Nernst equation, Fig. 1 . Differentiating between intermitochondrial contact and actual fusion. A: INS1 cell expressing matrix-targeted photoactivatable green fluorescent protein (GFP) (mtPA-GFP) that underwent 4 sequential photoactivation steps (each denoted with a small dashed square). Note the dense organization of discrete networks. B: individual mitochondria (n ϭ 64) were tagged with PA-GFPmt and contacts (as judged from a submicron proximity; n ϭ 170) and overt fusion events (n ϭ 31) with neighbored nonphotoactivated mitochondria were classified according to the time duration interval. Note that the probability of intermitochondrial contact to develop to overt fusion is independent of the time interval.
⌬ m ϭ 61.5 · log (FI TMRE_m ⁄ FI TMRE_avg ).
where FI TMRE_m denotes the maximal TMRE fluorescence intensity (FI) in the prefusion frame of the donor or acceptor mitochondria and FI TMRE_avg denotes the average potential of the entire mitochondrial web in the prefusion frame. ⌬m denotes the mitochondrial potential of a given mitochondrion relative to mitochondrial web average.
Movement analysis. For H9c2 cells, all image analysis was done with custom-designed imaging software (Spectralyzer) (54) . Mitochondrial movement before fusion was measured in the final 1 min before the onset of the transfer of mtPA-GFP from the donor mitochondrion to the acceptor. Only linear movement (displacement of organelle center, Ն0.4 m) was used for the calculation of velocity. Mitochondria with Ͻ0.4 m/min movement were considered as stationary regardless of their saltatory movement (displacement of organelle ends in the absence of relocation of organelle center). Experiments were carried out with Ն3 different cell preparations. Data are presented as means Ϯ SE unless stated otherwise.
Control for phototoxicity and imaging artifacts. Controls for dyeor laser-induced phototoxicity as well as imaging artifacts are described in detail elsewhere (49, 50, 52) . The intensity of the laser was set to 25% of threshold intensity that elicited a drop (⌬ Ն 5%) in TMRE FI over a period of 45 min according to toxicity (50) . Safety of the 2-photon laser of both Leica and LSM510 was determined in a similar fashion. mtPA-GFP related-toxicity was ruled out by showing no significant change (⌬ Ն 5%) in TMRE FI values for single nonphotoactivated, single photoactivated mitochondria, or cell average ⌬ m during 1 h (50). Image processing and analysis of single mitochondria was performed with Metamorph software (Molecular Devices). The analysis of mtPA-GFP-positive structures defining single mitochondria was preformed using "integrated morphometry analysis" function as described in detail elsewhere (49, 50, 52) .
RESULTS

Prolonged intermitochondrial proximity does not increase chance for fusion events.
In both INS1 and primary ␤-cells discrete mitochondrial units are packed into a dense ramified mitochondrial mesh (34, 50) . Figure 1A shows the mitochondrial web of an INS1 cell that was subjected to four sequential steps of photoactivation. It is evident that despite the mitochondrial proximity and density of web organization, the organelle size is small and they are not fused.
Three separable steps for fusion have been described, namely, the first tethering or contact between mitochondria, outer membrane fusion, and inner membrane fusion (27, 31, 45) . To test whether the duration of physical contact or tethering between neighboring units is associated with higher probability for the development of a fusion event, we counted 170 events (out of 52 different experiments) where the tagged mitochondrion was in physical contact with an adjacent mitochondrion for a time interval of 10 -250 s (as judged from submicron proximity). We found that 18.9% (31 of 170) of these cases ultimately resulted in fusion events in INS1 cells. This value was independent of the duration of which the two mitochondria were found in submicron proximity (Fig. 1B) . When the data were binned into intervals (0 -50 s, 51-100 s, 101-150 s, 151-200 s, 201-250 s), a linear fit (R 2 ϭ 0.97) indicated a rise of only 0.4% for the chance for fusion for every additional 50 s of intermitochondrial contact. There was no significant change in the occurrence of fusion events between any pairs of bins (one-tailed Fisher's probability Ͼ 0.35). These findings suggest that except for proximity other local and intrinsic factors influenced the probability of fusion. The following assess the contribution of potential mechanisms as local regulators of mitochondrial fusion.
Location of fusion site and previous fusion history determines fusion probability. While previous studies localized mitofusin-2 to the tips of mitochondria (23), it is unknown to what extent mitochondrial fusion depends on the orientation between the engaging mitochondria. To determine whether orientation of two mitochondria may influence the likelihood of fusion, we tracked more than 200 fusion events in distinct cell types (Fig. 2A) . Analysis included only mitochondria whose entire morphology and fusion site were clearly visualized [n (INS1) ϭ 36 events, n (␤ cells) ϭ 19 events, n (H9c2 cells) ϭ 155 events]. Ball-shape mitochondria without clear tip-side boundaries were omitted from analysis. We found that fusion events can occur either tip-to-tip, side-to-tip, or side-to-side, being higher for a tip orientation in both INS1 and H9c2 cells (Fig. 2B) .
In 10 of 35 independent experiments, INS1 mitochondria underwent at least two successive fusion events within the same recording period. In 7 of the 10 experiments mentioned, the fusion sites could be accurately localized (n ϭ 12 successive fusion events within the same recording period). Figure 3A shows a representative image for such experiments in INS1 cells. In 11 of the 12 successive events in INS1 mitochondria (92%) the fusion site was located in the opposite half of the mitochondrion (Fig. 3C) indicating a high probability for alternating sites for consecutive events (Fisher's two-tailed ϭ 0.025). The time interval between successive fusion events was 168 Ϯ 201 s (n ϭ 12), spanning a range of 7-600 s and was always interrupted by a fission event from the previous fusion partner in INS1 cells. All cases where the fusion-to-fusion interval was Ͻ2 min (range 7-75 s) occurred in the opposite half of the mitochondrion (n ϭ 9).
Previous imaging studies of single fusion events showed fusion between up to two mitochondria (2, 22) .We observed that a fusion event could develop between several (n Ն 3) organelles over successive frames or simultaneously as shown in two examples in Fig. 3B . We found 10 examples in INS1 cells where up to 14 s after fusion the donor and/or acceptor mitochondria engage in a physical contact with another mitochondrion(a). Sixteen of 29 (55%) contact events developed to a successive fusion event within up to 30 s. This rate is significantly higher than the general probability for fusion occurrence following a physical contact ( Fig. 3D ; Fisher's two-tailed ϭ 0.006). Collectively, these data indicate that several fusion sites can be simultaneously recruited in a given mitochondrion and that the immediate fusion history of the organelle affects its fusion activity.
Mitochondrial fusion is independent of organelle size. It was reported that mitochondria in both plant and mammalian cells can interact in a kiss-and-run pattern (1, 30, 49) . This raises the possibility that mitochondrial fusion may be triggered by the need to maintain a certain size. The width of mitochondria in Note that in both mitochondria the consecutive fusion site was located in the opposite portion of the mitochondrion. Arrowheads indicate the acceptor mitochondrion in pre-and postfusion frames. B: consecutive (i) and simultaneous (ii) multiorganelle fusion events in two different H9c2 cells. Bar ϭ 2 m. C: probability for the occurrence of a repetitive fusion event in a given INS1 mitochondrion at the same or opposite portion (n ϭ 12 fusion events; *P ϭ 0.025). The orientation of the recurrent event in INS1 cells was set relative to the occurrence of the first event or to the site where most fusion events occurred. The frequency was normalized to the total number of events (n ϭ 12). D: fusion event increases the probability for a consecutive fusion event. Data summarize 10 experiments that included 29 physical contacts of which 16 (55%) developed to full fusion event (**P ϭ 0.006).
our experiments is homogeneous in accordance to a recent report in INS1 cells (41) . Therefore, we determined the effect of mitochondrial size on fusion probability, by measuring only the axial length of mitochondrial units that were involved in fusion events in INS1 (n ϭ 74) and primary ␤ cells (n ϭ 24) and its distribution is shown in Fig. 4, A and B (solid columns) . In both types of cells, mitochondria of short length (Ն2 m) undergo fusion events to a higher frequency (ϳ4-fold) than that of longer ones (Ͼ4 m). However, since the individual unit size varies within the cell, we analyzed organelle length distribution of mitochondria regardless of the occurrence of fusion or fission events. We found that mitochondria of short length are the largest population in INS1 and primary ␤ cells (ϳ3-4-fold compared with long mitochondria). Therefore, this suggests that fusion is independent of organelle length, as the higher frequency of fusion events of short mitochondria is only due to their higher representation in the population. In this regard, Fisher's one-tailed probability indicated no significant difference (P Ͼ 0.3) between the two distributions for every mitochondrial length. For further clarity, Fig. 4C shows the ratio between the general and fusing mitochondrial length for every bin. The results of this normalization yield a ratio within a range of 0.84 -1.19 indicating that fusion frequency is independent of mitochondrial length.
Mitochondrial motility facilitates mitochondrial fusion. We next tested the relation between motility and fusion activity in H9c2 cells. Based on the motility of the mtPA-GFP donor or acceptor mitochondria, fusion events were sorted to stay-stay, stay-move, move-stay, and move-move groups (Fig. 5) . Typical events of each group are shown in Fig. 5A . For quantification, linear movements (movement involving the center mass of the organelle) in the final minute before fusion were included in the analysis [n (H9c2) ϭ 213 events, n (INS1) ϭ 36 events, n (primary ␤) ϭ 11 events]. In the stay-stay event, the donor fuses with its neighbor, whereas in the move-stay or stay-move groups, only donor or acceptor moves to their stationary partner. In move-move events, both donor and acceptor move to meet and fuse. We found that in all three cell types ϳ90% of the fusion events (H9c2:187 of 213 events; INS1: 41 of 47 events) involved at least one motile mitochondrion. Given that 50% and 46% of H9c2 and INS1 mitochondria, respectively, are motile according to our criteria (Fig. 5B) , it would be expected that ϳ25% (H9c2) and 31% (INS1) of the fusion events will include stay-stay fusion type of events if fusion occurs independently of movement. The stay-stay group was, however, significantly smaller than expected in both cell types (H9c2: 26 of 213 events, Fisher's two-tailed ϭ 0.005; INS1: 6 of 47 events, Fisher's two-tailed ϭ 0.05). In this regard, the prevalence of stationary mitochondria in the general population is higher than those in the fusing population in both cell types (H9c2: 50% vs. 37%, Fisher's one-tailed ϭ 0.05, "Stay" category in Fig. 6B ; INS1: 55% vs. 41%, one-tailed Fisher's ϭ 0.17).
The contribution of mitochondrial movement to the distinct types of fusion events as classified, based on the site of fusion, is shown for H9c2 mitochondria in Table 1 . In cases involving the mitochondria tip (side-tip, tip-side, and tip-tip) the prevalence of mitochondrial stay and move is similar. However, in H9c2 mitochondria the side-side case, the move-move is significantly less frequent (1/21) than its general occurrence (53/213; Fisher's one-tailed ϭ 0.05). None of the other orientations exhibited a significant negative or positive correlation with mitochondrial movement. Nocodazole (NCD, 10 M), a microtubule disrupting agent that inhibits mitochondrial movements without altering membrane or matrix properties (25, 26, 54) , increased the side-side fusion events in H9c2 mitochondria to 36% compared with 14% in control (Fisher's one-tailed ϭ 0.05). In INS1 mitochondria, the side-side fraction was doubled (6/47 to 9/35) under 10 M NCD with a borderline significance (Fisher's one-tailed ϭ 0.11). Tip-tip and side-tip fusion events decreased nonsignificantly in both cell types (Fig. 7, C and D) . The contribution of mitochondrial movement to the probability of fusion may be attributed to a different bioenergetic state of the moving organelles (16), the distance traveled by organelles, the collision energy, and/or the association with the cytoskeleton. To sort these components out, we compared the velocity of the donor and acceptor H9c2 mitochondria in the move-stay (n ϭ 109) and move-move conditions (n ϭ 78). No significant differences in movement velocity were found between either combination among these four groups (P Ͼ 0.35; Fig. 6A ). The distribution of fusing and moving mitochondria according to their velocity (Fig. 6B ) revealed similar fusion rate for slow-(1-2 m/min) and fast-(Ͼ3 m/min) moving mitochondria compared with their general occurrence in the cell (one-tailed Fisher's Ͼ 0.6).
To investigate the contribution of the cytoskeleton to the increased fusion rate of motile mitochondria regardless of their velocity, we assessed the effect NCD. In H9c2 mitochondria NCD treatment decreased fusion frequency by approximately fourfold (3.9 to 1.1 events·h Ϫ1 ·mitochondrion
Ϫ1
, Fisher's twotailed ϭ 0.02) and in INS1 mitochondria by ϳ11-fold (2.6 to 0.25 events·h Ϫ1 ·mitochondrion Ϫ1 , Fisher's two-tailed Ͻ 0.001). This reduction in fusion capacity selectively affected moving mitochondria; ϳ73% and 65% of total fusion events in the presence of NCD were classified of stay-stay type in H9c2 and INS1 cells, respectively (compared with 12% and 11% in nontreated H9c2 and INS1 cells, respectively; P Ͻ 0.0001), whereas move-stay and move-move decreased.
Fusion pairing show a bioenergetic threshold of Ϯ15 mV but not of physical length. Mitochondria in every cell type studied were shown to exhibit morphological and bioenergetic heterogeneity (10, 11, 52, 53) . We previously characterized the energetic level of nonfusing mitochondria (49) , showing that depolarized mitochondria avoid fusion. We therefore addressed whether a threshold value of mitochondrial length and ⌬ m determined the fusion pairs. Therefore, we first determined whether mitochondria choose their fusion mates in a length-dependent manner. Figure 8A shows the relationship between the organelle length of the donor (the mitochondrion tagged by photoactivation) and acceptor mitochondrion (receiving activated mtPA-GFP from the donor) in INS1 (n ϭ 37 fusion events) and primary ␤ cells (n ϭ 12 fusion events). We found that long mitochondria can engage with short or long mitochondria in both INS1 and primary ␤ cells, which is in agreement with the findings shown in Fig. 4 (as short and long mitochondria have the same capacity to fuse). On the other hand, we also measured ⌬ m of mitochondria engaging in a fusion event using a serial z-stack (0.5 m interval, 5-10 section per cell) obtained every 30 -40 s (Fig. 8B) . The value of ⌬ m of each mitochondrion is given relative to the average ⌬ m of the cell at the prefusion frame. We found that the difference in ⌬ m within fusing pairs spans a wide range. A mitochondrion may fuse with a mate that has a similar ⌬ m but also with one that differs by up to 15 mV. The average difference between engaging mitochondria was 6.2 Ϯ 4.3 and 7.2 Ϯ 4.1 mV in INS1 and primary ␤ cells, respectively.
DISCUSSION
A growing body of evidence demonstrates that the absolute rate of fusion and fission, and the balance between them, influence mitochondrial and cellular functions (1, 7, 29, 35, 48, 49, 51) . The observations that mitochondrial fusion is unsynchronously occurring in different mitochondria within the cell suggested that intrinsic or local parameters play a key role in determining the likelihood of fusion. In the current work we identify the physical parameters that determine the probability of an individual mitochondrion to become involved in a fusion event.
Size and orientation. We found that mitochondrial fusion does not depend on mitochondrial length, as the fusion probability for a given mitochondrial length is similar to its general prevalence in the cell. This is the first direct demonstration that maintaining a certain mitochondrial length is not a parameter that triggers or controls fusion selectivity, thereby ruling out the existence of an autonomous size regulation that limits or facilitates fusion when the organelle length exceeds or does not reach a certain length. This finding is in agreement with the observation that conditions that promote fusion (i.e., Opa1 overexpression) can occur in the presence of fragmented or ramified architecture (7, 9, 18) , or that conditions with increased fission rates, do not block mitochondrial fusion activity (2, 38) .
We found that ϳ80% of fusion events in INS1 and H9c2 mitochondria involve the tip portion of the mitochondrion, whereas only ϳ50% of these events involve organelle side. This ability of the mitochondrion to engage in a fusion event in diverse orientations is in agreement with a diffuse localization of both Mfn2 (8, 38, 40, 42, 43) and Opa1 (12, 29) . Two factors may contribute to the preferred tip orientation. In COS-7 cells, a cell line with similar mitochondrial dynamics properties to INS1 cells (49) , the profusion protein Mfn2 was preferably colocalized with Bax at the tips of mitochondria (23) . In addition, since most fusion events involve moving mitochondria along the microtubule (Figs. 6 and 7) , their tip is likely to be at the movement front, and therefore it has higher probability to be involved in a coming encounter. In the side-to-side case, both donor and acceptor movement would make the probability for side-to-side contacts smaller unless they come across touching each other.
From a functional point of view, nucleoids that contain mtDNA were shown to be preferably localized at the mitochondrial tip as well (15, 33) . As mitochondrial fusion is an interorganelle complementation route (36, 39) , mitochondrial fusion that involves the tip portion of the organelle favors an efficient exchange of mtDNA. This consideration is of special importance given the kiss-and-run pattern of dynamics that allows interorganelle equilibration for only tens of seconds and the slower mobility of mtDNA compared with matrix components (28, 32, 49) .
Asymmetrical refractory period during consecutive fusion events is important for efficient dynamics. We provide for the first time evidence that a fusion event by itself affects conse- Contribution of mitochondrial movement to the distinct types of fusion events as classified based on the site of fusion. Relation between motility and fusion activity in H9c2 cells was analyzed based on the motility of the matrix-targeted photoactivatable green fluorescent protein (mtPA-GFP) donor or acceptor mitochondria. Fusion events were classified into four categories: stay-stay, stay-move, move-stay, and move-move, as shown in Fig. 5 . For linear movements (movement involving the center mass of the organelle) in the final minute before fusion were used to categorize the different fusion events [n(H9c2) ϭ 213 events].
quent mitochondrial fusion behavior in the short term. A fusion event increases by ϳ2.5-fold the probability that a subsequent contact with another mitochondrion occurring up to 14 s after the event will result in consequent fusion event. This increased probability for a successive event has asymmetrical distribution that spares the original fusing site (Fig. 3C) . This shows the existence of a refractory period that can be regulated at a submitochondrial level (i.e., the tip).
After a fusion-fission cluster, one of the daughter mitochondria undergo in most cases a transient depolarization during which it fusion capacity is smaller (49) . Whereas the mechanisms underlying this depolarization remained to be elucidated, this significantly reduced the probability for a successive fusion between the two daughter mitochondria, progeny of a fission event. This phenomenon may contribute to the observed refractory period of the recent site of fusion or it may represent an additional mechanism that inhibits refusion of sibling mitochondria. Future studies are needed to explore the exact mechanisms(s) contributing to the development of such a local "refractory period" in the original fusion site.
From a functional point of view, this local regulation of fusion is a first evidence for directionality of matrix and nucleoid mixing within the mitochondrial web. Therefore, selective reduction in fusion probability in a site that just underwent fusion impedes futile fusion events and leaves the mitochondrion available for interaction(s) in other orientations with distinct mitochondria.
Mitochondrial movement as a regulator of fusion. We show that mitochondrial motility facilitates mitochondrial fusion as ϳ90% of fusion events involve moving mitochondria despite a similar prevalence of moving and static organelles in the general population (Fig. 5) . On the other hand, dissection of this observation to its components reveals that fusion occurs irrespective of mitochondrial speed (Fig. 6B) . This observation suggests that increased fusion rate in motile mitochondria is independent of their tendency to be in a different energy state (16) or from the total distance traveled by the organelle. However, higher probability for involvement of the tip as a fusion site and the selective Nocodazol inhibition of ϳ90% of motile mitochondria involved in fusion events (Fig. 7) points to a movement-independent contribution of the cytoskeleton to mitochondrial fusion.
An intuitive explanation for facilitated dynamics in motile mitochondria is that mitochondrial movement increases the number of encounters with neighboring mitochondria and thereby the general probability for a fusion event in a given period of time. This, however, is likely not to be the sole explanation as fusion is independent of the exact velocity (Fig.  6 ). Mitochondrial movement subserves the localization of mitochondria in areas with high energetic demands as seen in neural synapse, growth cones, dendritic spines, and nodes of Ranvier (5, 6, 20) . These areas are also likely to bear a necessity for higher fusion rate either as an intercomplementation mechanism that allows an instantaneous compensation of matrix (36, 39) and membranous metabolites depletion (4), and/or as a quality control mechanism that allows the removal of damaged organelles (47, 49) . Within the context of our findings, since most fusing mitochondria are motile, they relocate after a kiss-and-run event, reducing the odds of reengagement in what would be futile fusion events. Therefore, we suggest that movement of mitochondria is important for their ongoing function in metabolically active sites and not only for their localization in these areas.
Fusion occurs in a matching-independent fashion. We show that the matching between fusing mitochondria does not show any specific preference of length, relative orientation, movement velocity above a certain threshold or exact potential of the fusion mate (Fig. 8) . In agreement with previous results measuring ⌬ m in nonfusing INS1 mitochondria (49) , no fusion events were observed below depolarization of more than 7 mV. Also, fusion capacity is retained for a hyperpolarizing range of 15 mV, which is in agreement with previous data which showed that hyperpolarized mitochondria could not be found within the nonfusing mitochondria population (49) . Furthermore, there is no dependency on partner potential, not even when the bioenergetic difference in the engaging mitochondria is more than 10-fold in their ATP producing rate (37) . This finding suggests that bioenergetic heterogeneity in the polarizing range does not limit mitochondrial fusion either by the degree of hyperpolarization or by requiring a certain bioenergetic match between the engaging mitochondria. Furthermore, it also argues against dynamics and exchange only within mitochondria restricted in certain subpopulations. This behavior is in agreement with both the metabolic need of the cell for frequent dynamics given the high morphological and functional heterogeneity within the mitochondrial population (10, 52) . We recently modeled fusion dynamics and showed that increased fusion frequency (in the absence of any mtDNA repair mechanisms) is a robust mechanism that retains intact mitochondrial activity overtime (35) . Therefore, the lack of morphological or bioenergetic limitations to the pairing of fusion mates allows mitochondria to extensively exchange their content.
In summary, these data suggest that certain physical properties predict the likelihood of a fusion event, and therefore, may contribute to the selective nature of the fusion process. The properties described here unravel that the exchange of mitochondrial contents is efficient, as it avoids re-engagements 
